Abstract. Surface acoustic wave (SAW) sensors have been successfully exploited for the detection of both chemical and physical quantities. In this paper we report more recent results on SAW sensors for the detection of relative humidity (R.H.). Different chemical interactive materials (CIMs), of both organic and inorganic compounds, are tested and their performances in the R.H. range between 10 and 80% are reported and compared. All the devices analysed have been shown to operate in a reversible way, with a fairly good repeatibility and fast response times. The CIMs have been shown to produce a variety of different behaviours versus R.H. percentage, with respect to both the amplitude and linearity of the response. The response to R.H. has also been investigated for different orientations of both quartz and lithium niobate bare substrates. These data can be useful in order to investigate the effect of the R.H. of the surroundings on the performances of SAW based devices. In addition this test is of great importance in order to know how humidity influences the response of both chemical and physical sensors. The response of organic CIMs has also been tested toward hydroxylated molecules such as acetone and ethanol, and the relative calibration curves are reported.
Introduction
Surface acoustic wave (SAW) sensors are more or less sensitive to external perturbations that affect their intrinsic (viscosity, mass density, stiffness, electrical conductivity and permittivity) and extrinsic (temperature and pressure) parameters of the acoustic device.
Surface acoustic waves are acoustic modes confined to a thin near-surface region of the propagation medium. The acoustic energy confinement makes these waves extremely sensitive to surface perturbations. The response of a chemical SAW sensor is a change in the phase velocity and in the acoustic attenuation which are due to the interaction between the measurand and a chemical interactive material (CIM) membrane covering the acoustic propagation path. Mass loading, elastic loading and acoustoelectric interactions are the main mechanisms that give rise to the sensor response.
The operation of SAW based sensors has been widely demonstrated in many different application fields for the detection of both physical and chemical quantities. These include gas and vapor concentrations [1] [2] [3] [4] [5] [6] [7] [8] , ion concentrations in liquids [9, 10] , relative humidity (R.H.) [11] [12] [13] [14] [15] [16] [17] , pressure [18] , temperature [19] , dc and ac voltages and fields [20, 21] , mechanical forces and accelerations [22] , which are only a few examples of applications. On limiting our attention to chemical sensors, the structure of the device may vary depending on the nature of the environment where it operates. Usually Rayleigh waves, propagating along the solid/air interface, are used as probes for gas sensors, which for operation in liquid environments, either acoustic plate modes (APMs) or flexural waves, propagating in thin membranes, can be utilized. Usually, SAW sensors are based on the changes in the phase velocity of the acoustic wave, propagating along the layered CIM/substrate structure, produced by the measurand. This is the case of R.H. sensors, for example. We have investigated many types of CIM to be deposited on the propagation path of a SAW delay line, suitable for R.H. monitoring. Our investigations have been performed at first by studying the design and the performances of the SAW device to be covered by the sensitive membrane; after that the same device has been characterized and tested after CIM deposition, in order to estimate the influence of the membrane on the operation of the electroacoustic device; finally the complete device is accurately tested by evaluating the calibration curve, its sensitivity, aging, etc. Different CIM membranes have been examined in order to evaluate the most suitable for application in a monolithic technology, high-sensitivity and low-production-cost SAW sensor. 
SAW R.H. sensor
The structure of all the SAW R.H. sensors which have been tested is shown in figure 1 . It consists of a SAW delay line, implemented on a piezoelectric substrate (ST-cut quartz in our experiments) covered by the CIM membrane. As all the membranes we have tested show a very high resistivity so that they can be considered as a dielectric, all the experiments have been performed by covering with the membrane all the delay line surface, including the transducers regions.
The relative change v in the SAW phase velocity v 0 due to the modifications produced by the measurand in the mass density ρ and in the elastic constants c 11 and c 44 of the CIM, which is considered to be acoustically isotropic, can be approximately evaluated starting from the perturbative approach:
where
c 11
with A x , A y and A z being the normalized mechanical displacements of the SAW in the geometry shown in figure 1 ; h is the film thickness, λ the acoustic wavelength, and ρ, c 11 and c 44 the changes produced by the measurand on the mass density and on the elastic constants c 11 and c 44 of the film, respectively. The values for A, B and C, for most common substrate materials and orientations, are available from the literature [23] . In the specific case of ST-cut, x-propagation quartz, these values are −2.851, 1.258 and 0.2635, respectively. From (1) we can observe that the relative velocity change is the sum of three contributions, the first of which is due to the mass loading effect ( ρ/ρ) only, while the other two are due to changes in the elastic constants ( c 11 /c 11 and c 44 /c 44 ).
In some substrates we have observed a response upon exposure to R.H. changes, even in the absence of an adsorbing sensitive membrane. In this case the substrate itself shows a sensitivity to relative humidity, which is due to water or OH group adhesion at the free surface of the substrate. Here the expression (1) for the calculation of the relative velocity change is modified as follows:
taking into account that the elastic constant c 44 is equal to zero in the H 2 O film. Another contribution to the phase velocity shift can take place in the presence of charge carriers or charge carrier concentration changes in the CIM or in the H 2 O film and is due to the acoustoelectric interaction with the electric fields associated with the acoustic propagation in the piezoelectric medium [24] :
where σ s is the sheet conductivity of the film, while K 2 and C s are the electromechanical coupling coefficient and the surface capacitance of the substrate, respectively. When the acoustoelectric effect takes place, an acoustic propagation loss α is observed given by [24] :
with k being the acoustic wavevector. Figure 2 shows the plot of v/v 0 and α/k against log(σ s ). A peak in the attenuation is observed at the critical sheet conductivity The relative changes in the phase velocity can be experimentally evaluated on the SAW delay line either by measuring the phase shift ϕ by means of a network analyser while the total phase ϕ 0 can be calculated with a good approximation once the geometry of the SAW structure is known (ϕ 0 = 2πl/λ, l being the center to center transducer spacing) or from a measure of the shift f in the oscillation frequency f 0 of the delay line, once it is connected to an amplifier in order to configure a SAW delay line oscillator. The first method is usually preferred for test laboratory applications, while the second one is preferred in SAW sensor applications. The relative changes in the phase velocity, phase and frequency are related by the following expression:
Experimental data
All the SAW delay lines utilized to implement the SAW R.H. sensors here analysed have been photolithographically defined on the ST-cut quartz substrates using an Al film, 150 nm thick, previously deposited by the r.f. magnetron sputtering technique. Three different interdigital transducer (IDT) electrode configurations have been used, one showing a spatial Both organic and inorganic CIMs have been tested: the former being polyphenylacetylene (PPA), poly-(distibutylphosphine)-platinum-diethynylbiphenyl (Pt-DEBP), poly-(distibutylphosphine)-palladium-diethynylbiphenyl (Pd-DEBP) and polyethynylfluorenol (PEFL); the latter being titanium oxide (TiO 2 ). The organic membranes were deposited by spin coating at 3000 r.p.m. starting from a solution of the polymer in CHCl 3 (for Pt-and Pd-DEBP) or CH 2 Cl 2 (for PEFL and PPA). The TiO 2 membrane was deposited by diode r.f. reactive sputtering under the conditions described in table 1. On the following the method described in [25] we have calculated the elastic constants of polycrystalline TiO 2 film in the Voigt approximation (C V ij ), starting from the material data of rutile (single-crystal TiO 2 ) and using the expressions of [25] , properly transformed for applications to polycrystals with tetragonal crystallites. The corresponding expressions are and v R = 4961 m s −1 . The value of the Rayleigh wave velocity, 4961 m s −1 , is rather high if compared to that of most common SAW substrates. This implies that in this case, when considering a TiO 2 film, SAW propagation conditions are those of a 'fast' film on a 'slow' substrate. Here the phase velocity increases with the film thickness and a cutoff is observed when the thickness is such that the Rayleigh wave velocity in the layered structure approaches that of the shear horizontal (SH) one in the substrate. At higher thicknesses the Rayleigh wave is lossy as it radiates acoustic energy into the bulk of the substrate. The phase velocity dispersion curves for Rayleigh wave propagation along the layered structure TiO 2 film on an ST x-quartz substrate is shown in figure 3 . The phase velocity is that of the substrate (v R = 3157.587 m s −1 ) at h/λ = 0; it increases with the normalized film thickness up to the cutoff value (v R = 3298.286 m s −1 ) for h/λ = 0.18. The velocity of the slower quasi-shear wave in the ST x-quartz substrate is v t = 3298.29 m s −1 . All the devices have been tested before and after membrane deposition by means of an HP 8753A network analyser. A shift in the frequency response of the delay line and an increase in the insertion loss are observed after membrane deposition. The results of the measurements performed on the samples analysed are reported in table 2 together with the data on the operation frequency and thickness of the CIM membrane. It is worth noting in table 2 that the frequency shift after membrane deposition is negative for all the polymeric membranes, while it is positive for the TiO 2 membrane. This is due to the different values of the phase velocity that the Rayleigh wave shows in the substrate and in the sensitive film. In polymeric films the velocity is lower than in the substrate, while in the TiO 2 film it is larger. The experimental value of v/v 0 for the TiO 2 film (0.773) fairly well agrees with the theoretical one (0.729) as evaluated from the dispersion curves of figure 3 in the operation conditions at h/λ = 0.004. The delay line transfer function, before and after membrane deposition, is shown in figure 4 (a) and (b) for the two conditions of 'slow' and 'fast' film, respectively.
Measurements on the sensors upon exposure to different R.H. values, have been performed by placing the device under test in an air-tight chamber (volume ∼ = 1 l) located in a climatic room in order to control the operation temperature so to obtain a good repeatibility of the measurement conditions. A commercial R.H. sensor (PCRC 11HPB probe) is placed inside the test chamber and used as a reference in order to control the R.H. of the environment. The test chamber is fed with a mixture of wet and dry air controlled by means of flow meters so to obtain different relative humidity values; inlet and outlet tubes inside the test chamber guarantee the continuity of the air flux into the chamber itself. Dry air is obtained by use of a molecular sieve filter, while wet air is produced by a water bubbler kept at constant temperature.
The sensor response is analysed by means of a network analyser; during a complete R.H. cycle (dry air/wet air/dry air) both the phase delay and the insertion loss are measured against time and the corresponding shifts, with respect to the condition of dry air, are related to the R.H. values. According to (5) , relative changes in the phase, frequency or velocity give the same information on the response of the device. Figure 5 shows the typical time phase response of a SAW R.H. sensor, upon exposure to repeated cycles of dry and wet air. As can be seen from the figure, the device response is repeatible and reversible, showing rather short rise and recovery times. The device using TiO 2 as a sensitive membrane gives rise to no significant R.H. response when the film is 'assputtered'. After a thermal annealing treatment of the film at 200-300
• C in vacuum for two hours, a strong response is observed. The phase and amplitude time response of the sensor utilizing a TiO 2 membrane is shown in figure 6 . As can be seen from the figure, an increase in the insertion loss is observed when the device is exposed to a wet atmosphere. A maximum in the insertion loss takes place during the test (see figure 2) . Figures 7-10 show the calibration curves relative to all the R.H. sensors tested: PEFL (figure 7), PPA (figure 8), Pd-and Pt-DEBP (figure 9) and TiO 2 (figure 10). As can be seen from the figures, the sensitive membranes give rise to different behaviour of the device with respect to the amplitude of the response and to its linearity with respect to R.H. Of the five membranes tested, PPA, PEFL and Pt-DEBP are the CIMs that show lower response to R.H., while TiO 2 shows a higher one; TiO 2 and Pt-DEBP show a quite linear behaviour in the R.H. range between 0 and 80%, while the others show a linear behaviour only in a more limited range of R.H. values. TiO 2 shows the best performances both with respect to response and linearity.
Uncoated substrates can also respond to R.H. changes because of the mass loading effect of the water molecules and by the interaction between the electric fields associated with the SAW propagation in the piezoelectric substrates and OH − and H + ions. Sometimes these effects can give rise to a contribution to the SAW sensor response to relative humidity. For this purpose we have tested the response to R.H. changes upon exposure to R.H. = 82% at 20
• C × prop. LiNbO 3 . Before performing these measurements, all the uncoated samples were thermally treated in a vacuum at 150
• C for 1 h. After that, the samples were placed in the test chamber and exposed to repeated humidity cycles with increasing R.H. values. We have observed that in all the quartz substrates, a change in the phase shift is observed when exposed to increasing R.H. values. After that no recovery is observed when the sample is exposed to dry air. This is probably due to irreversible adhesion of water vapor molecules to the quartz surface. The total relative change in the phase shifts are 3.5, 5.6 and 9.6 ppm for ST x-, yxand AT x-quartz, respectively, upon exposure to R.H. = 82% at 20 • C. On using (2), it is possible to evaluate the number N of water molecules linked at the quartz substrate surface [26] . The corresponding calculated number of linked moles is 1.4 × 10 15 , 6.6 × 10 14 and 5.7 × 10 14 for AT x-, yz-and ST x-quartz, respectively. For LiNbO 3 samples, the response to R.H. is reversible; no significant response was observed for yz-LiNbO 3 , while for yx-and 128
• rot. LiNbO 3 , a relative phase shift ϕ/ϕ 0 = 17.3 and 7.1 ppm respectively, for a humidity variation from 33 to 95%, was observed. The results of all the measurements performed are summarized in table 3.
For the R.H. sensors based on the use of CIM films we did not consider the effect of the relative humidity on the substrate as the sensitive membrane covers the entire surface of the device so that the humidity can interact only with the membrane. In any case, the evaluation of the effect produced by R.H. changes on the bare substrate is of great importance, as it can affect the performances of both SAW electronic devices such as filters and resonators, and SAW gas sensors implemented on humidity sensitive substrates. As water vapor constitutes an interference, it is necessary to evaluate the response of every sensor as a function of R.H. in order to test the selectivity of the device. The interference of water vapor can be eliminated from gas sensor response using, for example, a reference uncoated sensor simultaneously exposed to the measurand (differential structures).
Polymeric membranes have also been tested upon exposure to hydroxylated molecules (molecules containing OH − groups): C 2 H 5 OH and CH 3 COCH 3 , ethanol and acetone respectively; figure 11 shows the time response of the sensor during a test cycle. Different concentrations of acetone or ethanol are produced by introducing into the test chamber known volumes of the liquid through a micodispenser, while the desorption process is produced by introducing into the chamber a flux of air.
In performing these measurements, the R.H. of the air is kept constant. Figure 12 shows the calibration curves of Pd-DEBP membrane exposed to certain concentrations of ethanol and acetone. Comparing this calibration curve with the other one that refers to R.H. it is possible to note that the membrane has the capability of selecting among H 2 O, C 2 H 5 OH and CH 3 COCH 3 [11] . In every case, the analytes are removed by exposing the sensor to an air flux (no thermal baking is necessary); figure 11 clearly shows that the interaction with the membrane is reversible and it does not show any memory effect even if it is stressed by successive cycles before reaching the starting level.
Conclusions
In conclusion SAW R.H. sensors using different CIM membranes of both organic and inorganic compounds have been implemented and tested. All of them have shown to be suitable for operation in a wide range of R.H. in a reversible way without any thermal baking and with fast time response during both adsorption and desorption processes. The amplitude of the response and its linearity versus R.H. have been measured and compared. TiO 2 membrane has shown the best performances with respect to both of these. As to the organic membranes here analysed Pt-DEBP has a quite linear behaviour in the R.H. range between 0 and 80%, but it shows a lower response; Pd-DEBP shows a higher sensitivity even though its response is not linear, like all the others. PPA and PEFL show a low response together with a nonlinear behaviour. The response to R.H. has also been tested for different orientations of both quartz and LiNbO 3 bare substrates. These data can be of great importance in order to know how humidity affects the performances of different kinds of SAW device. The response of organic CIMs has also been tested toward hydroxylated molecules such as acetone and ethanol, and the relative calibration curves are reported. 
